The use of Bacillus anthracis as a biological weapon in 2001 heightened awareness of the need for validated methods for the inactivation of B. anthracis spores. This study determined the gamma irradiation dose for inactivating virulent B. anthracis spores in suspension and its effects on real-time PCR and antigen detection assays. Strains representing eight genetic groups of B. anthracis were exposed to gamma radiation, and it was found that subjecting spores at a concentration of 10 7 CFU/ml to a dose of 2.5 ؋ 10 6 rads resulted in a 6-log-unit reduction of spore viability. TaqMan real-time PCR analysis of untreated versus irradiated Ames strain (K1694) spores showed that treatment significantly enhanced the detection of B. anthracis chromosomal DNA targets but had no significant effect on the ability to detect targets on the pXO1 and pXO2 plasmids of B. anthracis. When analyzed by an enzyme-linked immunosorbent assay (ELISA), irradiation affected the detection of B. anthracis spores in a direct ELISA but had no effect on the limit of detection in a sandwich ELISA. The results of this study showed that gamma irradiation-inactivated spores can be tested by real-time PCR or sandwich ELISA without decreasing the sensitivity of either type of assay. Furthermore, the results suggest that clinical and public health laboratories which test specimens for B. anthracis could potentially incorporate gamma irradiation into sample processing protocols without compromising the sensitivity of the B. anthracis assays.
thracis spores for laboratory personnel and workers handling pre-and postremediation samples.
Many studies have revealed that irradiation is a powerful process for inactivating various types of microorganisms and that bacterial spores are generally the most resistant (36) . A review of B. anthracis spore inactivation methods by Spotts Whitney et al. (38) listed gamma irradiation as a method for inactivating B. anthracis spores. Horne et al. (16) described the use of gamma radiation for inactivation of virulent B. anthracis spores and found that a dose of 1.5 ϫ 10 6 rads was required to inactivate live spores at a concentration of 10 6 spores/ml. A more recent study conducted by Dang et al. (7) reported that 2.0 ϫ 10 6 to 2.24 ϫ 10 6 rads was sufficient to inactivate B. anthracis spores at a concentration of 10 8 CFU/ml, but the study used only avirulent strains missing one of the two virulence plasmids. In addition, the study (7) reported that irradiation decreased the sensitivity of real-time PCR and antigen detection by enzyme-linked immunosorbent assay (ELISA) with monoclonal antibodies (MAbs) and polyclonal antibodies (PAbs).
The purposes of this study were to determine the gamma radiation dose for inactivating virulent B. anthracis spores in suspension and to characterize the effects of gamma irradiation on the limit of detection for real-time PCR and antigen detection assays. Experiments were carried out using virulent strains representing eight genetic groups of B. anthracis, while testing employed a validated real-time PCR assay currently used by LRN laboratories (15) and three ELISAs.
MATERIALS AND METHODS

Biosafety procedures.
All procedures involving the use of live B. anthracis spores were performed in a biosafety level 3 laboratory. Culturing and manipulation of live spores were conducted in a class II type A2 biological safety cabinet (NuAire, Plymouth, MN). Additional biosafety level 3 precautions included the use of a powered air-purifying respirator and protective laboratory clothing.
Bacillus strains used in this study. B. anthracis spore suspensions originated from stock preparations maintained in the Bioterrorism Rapid Response and Advanced Technology Laboratory, Division of Bioterrorism Preparedness and Response, Centers for Disease Control and Prevention. Eight B. anthracis strains were selected representing eight of the genetic groups first described by Keim et al. (22) (Table 1) . Two additional control strains, B. cereus ATCC 14579 and B. thuringiensis ATCC 35646, were also used.
Spore preparation. Stock preparations of B. anthracis were streaked for isolation onto duplicate Trypticase soy agar plates containing 5% (vol/vol) sheep blood (TSAB) (BD Diagnostic Systems, Sparks, MD) and incubated for 24 h at 37°C. Isolated colonies were transferred to 5 ml of sterile phosphate-buffered saline (PBS) (0.1 M, pH 7.4) using sterile inoculating loops. Sporulation of B. anthracis was induced by growth on soil extraction agar (416.66 g of dried garden soil, 5.0 g of peptone, 3.0 g of beef extract, and 15.0 g of Bacto agar, all per liter) (6) . Quadruplicate 200-l aliquots of B. anthracis were spread onto soil extraction agar plates and incubated for 48 to 96 h at 37°C. The plates were monitored daily for spore formation by malachite green staining and light microscopy using a model VHX-600 digital light microscope (Keyence Corp., Woodcliff Lake, NJ), until Ն90% of the material observed was free spores. Cultures were harvested using sterile disposable spreaders and suspended into 5 ml sterile deionized water. Vegetative cells were removed by treatment with 50 mg/ml aqueous lysozyme (Sigma, St. Louis, MO) or by washing three times with cold, sterile deionized water (7) . Harvested spore suspensions were viewed microscopically as described above to ensure that vegetative cells had been removed. To reduce clumping, spore suspensions were centrifuged at 10,000 ϫ g for 15 min, resuspended in 2.5% (wt/vol) aqueous Pluronic F-68 (Sigma, St. Louis, MO), and vortexed for 2 min at high speed. Tenfold serial dilutions in PBS were performed, and triplicate 100-l aliquots were spread onto TSAB plates. Colonies were enumerated after incubation for 24 h at 37°C. Spore suspensions were stored at 4°C.
Irradiation and viability testing. B. anthracis spore suspensions were centrifuged at 10,000 ϫ g for 15 min and resuspended in cold, sterile deionized water. Dilutions of spore suspensions ranging from 10 7 to 10 1 CFU/ml were subjected to irradiation. Duplicate 1-ml aliquots in 2-ml screw-cap polypropylene tubes (Fisher Scientific, Pittsburgh, PA) were gamma irradiated on ice at doses of 0.5 ϫ 10 , and 3.0 ϫ 10 6 rads, corresponding to 18, 36, 54, 71, 90, and 107 min, respectively, in a GammaCell 220 Excel cobalt ( 60 Co) irradiator (MDS Nordion, Ottawa, Ontario, Canada). For viability testing, a 100-l aliquot of irradiated spores, plus a nonirradiated control aliquot for each strain, was spread onto TSAB plates, and plates were incubated for 48 h at 37°C. A separate 100-l aliquot of each irradiated sample and nonirradiated control was also used to inoculate 3-ml Trypticase soy broth (BD Diagnostic Systems, Sparks, MD), and cultures were incubated for 48 h at 37°C with shaking at 300 rpm. Viability was determined by direct observation of plates for colonies and liquid cultures for turbidity. Staining and microscopy were performed as described above to compare untreated versus irradiated spores.
Irradiation kill curves were generated to determine the efficiency of inactivation for each treatment dose. Immediately following exposure to gamma radiation, spore suspensions were placed on ice, and serial tenfold dilutions were performed in PBS. Dilutions were spread onto triplicate TSAB plates, and the plates were incubated for 24 h at 37°C. Colonies were enumerated, and the percentage of survivors was calculated for each treatment dose.
Real-time PCR analysis. The LRN real-time PCR reagents for B. anthracis (15) were used to determine the effects of gamma irradiation on nucleic acid detection. The PCR reagents consist of three primer/probe sets, BA1, BA2, and BA3, which target the pXO2 plasmid, pXO1 plasmid, and chromosome of B. anthracis, respectively, and were evaluated and validated previously (15) . It has been demonstrated that B. anthracis DNA is present on the surfaces of spores (7); therefore, a known number of spores were added to the PCR mixtures. PCRs were carried out in triplicate 25-l volumes. Each contained 1ϫ PCR master mix (LightCycler FastStart DNA master hybridization probes [Roche Molecular Biochemicals, Indianapolis, IN]), 500 n⌴ each PCR primer, 100 nM each TaqMan probe, 5 mM total MgCl 2 ) and 10 l of either spore suspensions, negative controls B. cereus and B. thuringiensis, or water in the case of the no-template controls. Real-time PCR was performed using the MiniOpticon real-time PCR detection system (Bio-Rad, Hercules, CA) with a thermocycling protocol of 10 min at 95°C, followed by 45 cycles, with 1 cycle consisting of 10 s at 95°C and 30 s at 60°C. Data collection and analysis were performed using the MJ OpticonMonitor analysis software version 3.1.
To determine the limit of detection for gamma-irradiated B. anthracis spores, a stock preparation of live strain K1694 (Ames) spores was diluted in cold, sterile, deionized water and adjusted to concentrations ranging from 10 7 to 10 1 CFU/ml. Each dilution was exposed to 2.5 ϫ 10 6 rads of gamma radiation on ice as described above. Real-time PCR was performed in triplicate on untreated and gamma-irradiated spore dilutions and controls as described above, using the BA1, BA2, and BA3 primer/probe sets. To compare the detection levels of B. anthracis chromosomal DNA for each of the eight strains, spores at a concentration of 10 7 CFU/ml were exposed to gamma radiation on ice as described above. Real-time PCR was performed in triplicate on untreated and irradiated spores and controls using the BA3 primer/probe set as described above.
Preparation of spores for ELISA. B. anthracis Ames strain and strain K4596 (Vollum) spore suspensions were adjusted to concentrations ranging from 10 7 to 10 1 CFU/ml in sterile deionized water and exposed to 2.5 ϫ 10 6 rads of gamma radiation as described above. For a negative control for ELISA experiments, B. cereus spores were adjusted to a concentration of 10 7 CFU/ml in sterile deionized water and exposed to gamma radiation on ice as described above. Untreated and irradiated spores were then centrifuged at 10,000 ϫ g for 15 min, resuspended in 1 ml PBS, and stored at 4°C. Direct ELISA using a MAb. A 100-l volume of untreated and irradiated B. anthracis Ames strain, Vollum strain, and B. cereus spores at a concentration of 10 7 CFU/ml in PBS was added to each well (triplicate wells) on Immulon 2HB microtiter plates (Thermo, Milford, MA). The microtiter plates were incubated overnight at 4°C and then were washed once with wash buffer (PBS [pH 7.4], 0.1% Tween 20) using a model 1575 ImmunoWash microplate washer (Bio-Rad, Hercules, CA). Mouse anti-B. anthracis MAb (Naval Medical Research Center, Silver Spring, MD) was conjugated with horseradish peroxidase (HRP) using the E-Z Link maleimide-activated peroxidase kit (Pierce, Rockford, IL). The HRPconjugated MAb was adjusted to a concentration of 5.0 g/ml in dilution buffer (PBS [pH 7.4], 5% dry skim milk), and 100 l was added to each well on microtiter plates. The plates were incubated for 1.5 h at 37°C and washed six times with wash buffer. For detection of the MAb, 100 l of 3,3Ј,5,5Ј-tetramethylbenzidine (TMB) substrate (Sigma, St. Louis, MO) was added to each well. The plates were then incubated for 15 min at room temperature, and the reactions were stopped using an equal volume of 1 N hydrochloric acid. The plates were read at 450 nm using a model 680 microplate reader (Bio-Rad, Hercules, CA). The reactive cutoff for ELISA was defined as the mean absorbance for background wells plus three times the standard deviation.
Indirect ELISA using a PAb. A 100-l volume of untreated and irradiated B. anthracis Ames strain, Vollum strain, and B. cereus spores was added to each well (triplicate wells) at a concentration of 10 7 CFU/ml in PBS, and the plates were incubated overnight at 4°C. The plates were washed once as described above. Affinity-purified goat antianthrax PAb (Naval Medical Research Center, Silver Spring, MD) was adjusted to a concentration of 5.0 g/ml in dilution buffer, and 100 l was added to each well. The plates were incubated for 1.5 h at 37°C and then washed six times with wash buffer. A secondary HRP-conjugated anti-goat immunoglobulin G (Sigma, St. Louis, MO) was diluted 1:2,000 in dilution buffer, and 100 l was added to each well. The plates were then incubated for 1.5 h at 37°C and washed six times with wash buffer. TMB substrate addition, plate reading, and cutoff calculations were carried out as described above.
Sandwich ELISA. The sandwich format ELISA used the PAb employed in the indirect ELISA as a capture antibody and the MAb from the direct ELISA as a detection antibody. The PAb was diluted to a concentration of 5.0 g/ml in PBS, 100 l was added to each well on the microtiter plates, and the plates were incubated overnight at 4°C. The plates were washed once as described above, and 100 l of untreated and irradiated B. anthracis Ames strain, Vollum strain, and B. cereus spores was added to each well (triplicate wells) at a concentration of 10 7 CFU/ml in PBS. The plates were incubated for 1.5 h at 37°C and washed six times with wash buffer. The HRP-conjugated MAb was used as the detection antibody at a concentration of 5.0 g/ml in dilution buffer, 100 l was added to each well, and the plates were incubated for 1.5 h at 37°C and washed six times with wash buffer. TMB substrate addition, plate reading, and cutoff calculations were carried out as described above.
Sandwich ELISA was also used to determine the limit of detection for untreated versus irradiated B. anthracis spores. The PAb was added to microtiter plate wells as described above, and the plates were incubated overnight at 4°C. The plates were then washed once with wash buffer, and 100 l of untreated and irradiated B. anthracis Ames strain spores at concentrations ranging from 10 7 to 10 1 CFU/ml in PBS was added to each well (triplicate wells) on microtiter plates. Incubations, washes, TMB substrate addition, plate reading, and cutoff calculations were carried out as described above.
Statistical analysis. To determine whether irradiation significantly affected the level of detection of B. anthracis spores by real-time PCR, the cross-threshold (cycle threshold) (C T ) values for untreated versus irradiated spores were compared using a paired t test (two tailed). To determine whether irradiation significantly affected the level of detection of B. anthracis spores by ELISA, the absorbance at 450 nm minus the background was calculated, and the data for untreated versus irradiated spores were compared using a paired t test (two tailed).
RESULTS
Inactivation of live B. anthracis spores by gamma radiation.
Microscopic observation of malachite green-stained spore preparations revealed no difference in spore morphology between those that were treated with lysozyme and those that were washed with sterile deionized water. Compared to nonirradiated spores, some gamma-irradiated spores appeared to be irregularly shaped. Culture of irradiated and nonirradiated spores revealed that 2.5 ϫ 10 6 rads of gamma radiation resulted in a 6-log-unit reduction in viability, which was sufficient to completely inactivate live B. anthracis spores at a concentration of 10 7 CFU/ml ( Fig. 1 ) when 0.1-ml aliquots were tested. Of the eight B. anthracis strains tested, K1340, K4596, and K2478 were the most sensitive to gamma radiation, as there was no growth observed 48 h following exposure to 2.0 ϫ 10 6 rads. For the five strains that were more resistant to gamma radiation, K9002, K5135, K2484, K1694, and K2762, Ͼ99.9% were inactivated at this dose. For all strains tested, 1.5 ϫ 10 6 rads of gamma radiation was sufficient to inactivate Ͼ99% of spores. Since 2.5 ϫ 10 6 rads of gamma radiation was sufficient to inactivate 99.999% of the spores of all strains of B. anthracis tested, this treatment dose was used for all subsequent experiments in this study.
Real-time PCR analysis of untreated versus irradiated B. anthracis spores. Untreated and gamma-irradiated B. anthracis Ames strain spores at concentrations ranging from 10 7 to 10 1 CFU/ml were assayed using the chromosome-specific primer/ probe set, and the data were plotted as the mean relative fluorescence of triplicate wells versus the cycle number (Fig.  2) . Irradiation resulted in a 1-log-unit increase in detection of B. anthracis chromosomal DNA by real-time PCR. The limit of detection for untreated Ames strain spores using the BA3 primer/probe set was 10 4 CFU/ml (100 CFU) ( Fig. 2A) , whereas the limit of detection for irradiated spores was 10 3 CFU/ml (10 CFU) (Fig. 2B) .
Overall, irradiation increased the sensitivity of the assay to B. anthracis chromosomal DNA by real-time PCR. The data in Table 2 show the average C T values of triplicate wells for eight B. anthracis strains at a concentration of 10 7 CFU/ml using the BA3 primer/probe set. For each strain, irradiation resulted in a decrease of 2 or greater in C T values, and the difference in C T values for untreated versus irradiated spores was found to be significant (P ϭ 0.001). The mean C T value for the untreated thuringiensis, was detected at a concentration of 10 7 CFU/ml (data not shown).
In contrast, irradiation did not change the detection level for the pXO1 and pXO2 plasmids of B. anthracis by real-time PCR. Table 3 shows the average C T values for untreated versus irradiated Ames strain spores at concentrations ranging from 10 7 to 10 1 CFU/ml using the chromosome and pXO1 and pXO2 plasmids as targets. The difference in C T values for untreated versus irradiated spores was not significant for either plasmid target (Table 3 ). The average C T value for untreated spores at 10 7 CFU/ml using the pXO1-specific primer/probe set was 20.9 compared to 21.0 for irradiated spores. The limit of detection for the pXO1 plasmids of both untreated and irradiated spores was 10 4 CFU/ml (100 CFU), and the average C T values at this concentration were 32.7 and 32.8, respectively. Similarly, average C T values for untreated versus irradiated spores were comparable using the pXO2-specific primer/ probe set. The limit of detection for the pXO2 plasmid was also 10 4 CFU/ml (100 CFU) for both untreated and irradiated spores. The average C T value for untreated spores at 10 7 CFU/ml was 21.7 compared to 21.9 for irradiated spores, and the average for untreated spores at the lower limit was 32.2 compared to 32.4 for irradiated spores. One or two out of three replicates at 10 3 CFU/ml (10 CFU) were positive for both plasmid targets of live and irradiated spores; however, average C T values were calculated only for those samples in which all three replicates produced a positive result. Neither one of the negative controls, B. cereus or B. thuringiensis, was detected using the BA1 and BA2 primer/probe sets (data not shown).
Detection of untreated versus irradiated B. anthracis spores by ELISA. Irradiation of B. anthracis spores resulted in differential reactivity of the MAb and PAb by ELISA. Figure 3 shows the mean absorbance of triplicate wells for untreated versus irradiated B. anthracis spores by direct, indirect, and sandwich ELISAs. Irradiation decreased the detection level of Ames and Vollum strain spores by direct ELISA with the MAb (Fig. 3A) . Compared to untreated spores, a 53% decrease in signal was observed for irradiated Ames strain spores and a 58.2% decrease in signal was observed for irradiated Vollum strain spores. The MAb did not detect B. cereus spores. In contrast, irradiation enhanced the detection level of B. anthracis Ames and Vollum strain spores by indirect ELISA with the PAb (Fig. 3B) . Compared to untreated spores, a 76% increase in signal was observed for irradiated Ames strain spores and a 109% increase in signal was observed for irradiated Vollum strain spores. The PAb did not detect B. cereus spores. Irradiation had no effect on the detection level of B. anthracis spores when the PAb was used for capture and the MAb was used for detection (Fig. 3C) . The sandwich ELISA did not detect B. cereus spores.
Sandwich ELISA was used to determine the limit of detection for untreated versus irradiated B. anthracis spores, since irradiation did not affect the level of detection in this format. Figure 4 shows the mean absorbance of triplicate wells for untreated versus irradiated Ames strain spores at concentrations ranging from 10 7 to 10 1 CFU/ml. Irradiation had no significant effect on the level of detection of B. anthracis spores (P ϭ 0.56). At each concentration, the average ELISA signal for irradiated spores was comparable to that of the untreated spores, and the limit of detection for both untreated and irradiated B. anthracis spores was 10 4 CFU/ml (1,000 CFU).
DISCUSSION
This study is the first to report the gamma radiation dose for inactivating live virulent spores representing eight described genetic groups of B. anthracis (22) . A dose of 2.5 ϫ 10 6 rads inactivated spores at a concentration of 10 7 CFU/ml, though some strains were inactivated by 2.0 ϫ 10 6 rads. It is important to emphasize that although the 2.5 ϫ 10 6 rad dose killed 100% of spores in 0.1-ml aliquots testing viability, as used in this study, it is possible that larger sample volumes containing 10 7 CFU/ml spores may require longer periods of irradiation to achieve complete inactivation. Also, B. anthracis spores at con- on September 9, 2017 by guest http://aem.asm.org/ centrations greater than 10 7 CFU/ml may require a higher gamma radiation dose to kill 100% of spores.
Horne et al. (16) described differences in resistance to gamma irradiation among B. anthracis strains in a dry goat hair matrix to a range of radiation doses and reported an inactivation dose of 1.5 ϫ 10 6 rads. There are several important differences in study procedures which may have contributed to the difference in reported inactivation doses. Horne et al. (16) used dried spore preparations, whereas this study used aqueous spore suspensions, which are the processed sample type most likely to be tested in clinical and diagnostic laboratories that test large numbers of specimens for B. anthracis (8) . Additionally, Horne et al. (16) carried out irradiation dose experiments at room temperature, and studies have shown that the chamber equilibrium temperature will rise during the irradiation process when using a GammaCell 220 Excel cobalt ( 60 Co) irradiator (K. P. J. O'Hara, MDS Nordion, personal communication). In this study, spore suspensions were kept on ice during exposure to minimize any possible contribution of heat to the inactivation process. Finally, the study (16) was conducted before the development of molecular subtyping methods that can distinguish B. anthracis isolates. This study used eight genetically distinct strains of B. anthracis, including virulent Ames strain spores in every experiment. anthracis Ames strain spores were analyzed by real-time PCR using the chromosome and pXO1 and pXO2 plasmids as targets. Mean C T values were determined only for those samples for which all three replicates produced a positive result. The C T values were not determined for 10 2 and 10 spore concentrations because none of the three replicates produced a positive result. Symbols: ϩ, one out of three replicates produced a positive result; ϩϩ, two out of three replicates produced a positive result. ND, not detected.
b Differences in the C T values for live (untreated) versus irradiated spores were found to be significant by paired t test (two tailed) (P Ͻ 0.05; n ϭ 12). c Differences in the C T values for live (untreated) versus irradiated spores were not significant by paired t test (two tailed) (P ϭ 0.09; n ϭ 12). (7) used aqueous spore suspensions to evaluate spore inactivation methods but reported that a lower dose (60 min, 2.0 ϫ 10 6 to 2.24 ϫ 10 6 rads) was sufficient to kill 100% of spores at 10 8 CFU/ml (the study used a dose range of 2.5 ϫ 10 6 to 2.8 ϫ 10 6 rads as a safety measure). There are important differences in study design which may have contributed to the difference in reported inactivation doses. Dang et al. (7) used two avirulent strains of B. anthracis, whereas this study included eight virulent strains. The increased number of samples used in this study would be more likely to demonstrate differences in susceptibility to gamma irradiation.
Real-time PCR assays, which include targets for the plasmids of B. anthracis, allow for a high level of specificity and identify virulent strains (1, 9, 37) . In this study, the chromosome was also targeted to provide results when testing plasmid-cured and avirulent strains of B. anthracis, as well as fully virulent strains. Additionally, the use of multiple targets decreases the rate of false-positive and false-negative results. All three targets of the assay used in this study have been used for the confirmatory identification of virulent strains of B. anthracis, and the assay was successfully used by LRN laboratories to test both clinical and environmental samples during the 2001 anthrax attack investigation (15) . This study showed that irradiation increased the detection level of B. anthracis chromosomal DNA by real-time PCR (Fig. 2 and Table 2 ). A possible explanation for this effect is damage to B. anthracis spores during gamma irradiation, allowing increased access to target chromosomal DNA. This explanation is consistent with a study conducted by Phillips et al. (31) , which reported that gamma irradiation resulted in structural damage of B. anthracis spores. In contrast, irradiation did not significantly affect detection of the pXO1 and pXO2 plasmids of B. anthracis by real-time PCR. These results conflict with those of a previous report that showed decreased detection of the pXO1 and pXO2 plasmids of irradiated spores (7) . A possible explanation for the difference is that Dang et al. (7) used avirulent strains lacking one of the two virulence plasmids. It has been reported that virulence in B. anthracis is associated not only with the presence of the pXO1 and pXO2 plasmids but also to the copy number of the plasmid and that copy numbers may differ among virulent strains of B. anthracis (5) . Therefore, it is plausible that avirulent strains used in the study (7) may differ in plasmid copy number from the fully virulent strains of B. anthracis used in this study, which may affect detection levels by real-time PCR and which further emphasizes the need for including a chromosomal target when testing specimens for B. anthracis. Another possible explanation for the difference is that Dang et al. (7) did not specify the temperature at which irradiation procedures were carried out, but one can presume that they were conducted at ambient temperature, which would not have excluded the possible effects of heat on DNA present on the outside of spores.
It has been reported that gamma irradiation of B. anthracis spores may affect epitopes recognized by MAbs and PAbs (7, 31) . The results of this study are consistent with this observation, as the detection level of irradiated spores was decreased when the MAb was used and enhanced when the PAb was used. However, it is important to emphasize that the reactivity of antibodies to irradiated spores is very likely to depend upon how specific epitopes are affected by irradiation, particularly in the case of MAbs. Dang et al. (7) reported that spore inactivation methods can affect the sensitivity of antibody-based assays but did not evaluate the effects of irradiation on the sensitivity of sandwich ELISA. This study showed that irradiation of virulent spores affects the level of detection by direct and indirect ELISAs but does not significantly affect the sensitivity by sandwich ELISAs (Fig. 3 and 4) . Sandwich ELISAs have been used for the detection of Bacillus spores in food and environmental samples and have been shown to be superior to direct ELISA when used with gamma-irradiated antigens of other microorganisms (2, 29) . Additionally, the sandwich ELISA format has recently been used for the development of rapid multiplex detection of other pathogenic bacteria (25) . Therefore, it is recommended that the sandwich ELISA format, as described in this study, be used for the detection of gamma-irradiated B. anthracis spores, though we acknowledge that assay performance is dependent on the specificity and quality of the antibodies used.
This study determined the gamma irradiation dose for inactivating live virulent spores (2.5 ϫ 10 6 rads) and showed differences in resistance among B. anthracis strains. A 6-log-unit reduction of viable spores was observed for B. anthracis spores at a concentration of 10 7 CFU/ml, though higher concentrations will likely require higher doses of gamma radiation. The results showed that gamma irradiation may be used to inactivate live B. anthracis spores without significantly affecting the sensitivity of real-time PCR and sandwich ELISAs. This study proposes the use of gamma irradiation as a method to inactivate B. anthracis spores in specimens prior to testing. The mechanism by which gamma irradiation induces changes in the structural components of B. anthracis spores is a topic for future research. CFU/ml were detected by sandwich ELISA using the PAb for capture and the MAb for detection. The results were plotted as the mean optical density (OD) or absorbance of triplicate wells at 450 nm minus the background Ϯ standard error of the mean (error bars). The differences between untreated versus irradiated spores were not found to be significant using a paired t test (two tailed) (P ϭ 0.56; n ϭ 21). The findings and conclusions in this report are those of the authors and do not necessarily represent the views of the funding agency.
